Abstract Organic matter (OM) in loess-paleosol sequences is used for paleoenvironmental reconstructions, based e.g. on stable carbon isotope composition. Loess OM (LOM) is assumed to derive from synsedimentary vegetation, i.e. predominantly grass. However, low organic C contents make LOM prone to postsedimentary contamination. It was the aim of this study to reveal (1) whether OM of the loess sequence at Nussloch (SW Germany) was altered by postsedimentary input, (2) to which depth, and (3) from which source vegetation this younger OM derives. Therefore, the alkane composition of LOM was compared to that of potential source OM for postsedimentary contamination: recent soil, vegetation growing on the loess sequence, calcified roots (rhizoliths) which derive from postsedimentary deep-rooting plants but not from recent vegetation, and loess in direct vicinity of these former roots. Alkane molecular proxies including carbon preference index and average chain length revealed that grass biomass was the source of soil and LOM. The latter was, except for the uppermost 0.6 m of loess, not affected by pedogenic processes. Further, recent vegetation did not contribute to OM within and loess adjacent to rhizoliths, which were formed under native tree and/or shrub vegetation prior to agricultural use. Strongest degradation of LOM and large amounts of microbial derived OM were found in rhizoloess, indicating former rhizosphere processes. Molecular proxies indicate that overprinting of LOM even in loess distant to former roots cannot be excluded. Therefore, paleoenvironmental reconstructions based on loess d 13 C org should be regarded with caution.
Introduction
Loess-paleosol sequences are considered as important terrestrial archives for studying Quaternary climate (Pye and Sherwin 1999) . In these sequences, proxies including stable carbon isotope composition (d 13 C) of organic matter (OM) are frequently used for chronological investigations and reconstruction of former vegetation (C 3 or C 4 vegetation and shift between those; Wang et al. 1997) , precipitation (e.g. response of C 3 vegetation to humidity/aridity shift; Hatté et al. 1999; Hatté and Guiot 2005) or atmospheric CO 2 concentrations (Hatté et al. 1998) . One obstacle of these studies, however, is the low organic carbon (C org ) content of typical loess which usually does not exceed *2 mg g -1 (Antoine et al. 2009; Galović et al. 2009; Liu et al. 2007 ). Commonly it is assumed that loess OM (LOM) exclusively derived from aboveground biomass of those plants that prevailed during loess accumulation (e.g. Zhou et al. 2005) . As loess was sedimented during cold periods, the source vegetation of LOM was mainly grass, partially associated with dwarf shrubs or trees (Liu et al. 1996; Bai et al. 2009 ). It is still under debate, if trees were growing in the areas of loess accumulation, or if the tree derived OM, which is now observed in loess (e.g. pollen, biomarkers including lipidic compounds), was incorporated together with dust. However, low C org contents easily enable masking of synsedimentary LOM by OM that may be incorporated postsedimentary. Such contamination can be associated with OM from dust source areas (Liu et al. 2007) , OM from distant untypical source area (Pye 1995) , OM from Sahara dust (Stahr and Herrmann 1996) , from recent agriculture/pedogenesis (Head et al. 1989) or root derived carbon from postsedimentary deep-rooting shrubs or trees (Gocke et al. 2010a ). This can lead to misinterpretation of paleoenvironmental information. The amount of incorporated OM other than the synsedimentary incorporated OM usually cannot be assessed by color change or other properties of loess, e.g. a change in C org contents or d 13 C org (Gocke et al. 2010a) .
If roots or root parts originating from postsedimentary penetrating plants are calcified, leading to formation of rhizoliths or calcified root cells (Klappa 1980; Becze-Deák et al. 1997; Pustovoytov and Terhorst 2004) , carbonatic tubes remain in loess. This carbonatic encrustation of roots, probably generated during short periods of few years to decades (Gocke et al. 2010b) , might entail conservation of the former root tissue as well as preservation of rhizodeposits released during the root's lifetime. Therefore, rhizoliths as well as surrounding loess are suitable to estimate amounts of root derived C incorporated in loess. Former studies focusing on rhizoliths revealed that rhizoliths are likely attributed to roots of tree or shrub vegetation (e.g. Ziehen 1980; Wright et al. 1988) . This was recently confirmed by the investigation of lipid molecular proxies (Gocke et al. 2010a) . The fact that source vegetation of rhizoliths was different than that of surrounding loess with respect to functional plant groups (grass vs. shrub/tree) and plant part (root vs.
shoot; Gocke et al. 2010a ) reinforced the possibility of postsedimentary formation of rhizoliths. Furthermore, it was shown that in the vicinity of the former root, which was part of the former rhizosphere, a substantial part of LOM can be attributed to root derived C (Gocke et al. 2010a) .
Lipids and especially alkanes are comparatively stable organic compounds compared e.g. to functionalized lipids, unsaturated lipids (Zhou et al. 2005) including fatty acids or sugars (Marschner et al. 2008 ). As such alkanes have been frequently used in paleoenvironmental studies for source apportionment of OM in terrestrial archives including lake sediments (Schwark et al. 2002) , peat sequences (Zhou et al. 2005 ) and loess sequences (Xie et al. 2003 (Xie et al. , 2004 Zech et al. 2009 ). In these archives especially long chain n-alkanes with a chain length of 25-33 carbons and with a strong predominance of odd numbered homologues derived from epicuticular waxes of higher plant biomass (Eglinton et al. 1962; Kolattukudy et al. 1976) . In contrast to these compounds, short and mid chain homologues (\C 25 ) derived from multiple sources including higher plant biomass (Kuhn et al. 2010) , microbial biomass (Kolattukudy et al. 1976) , or degradation products, e.g. biomass burning ). Among long chain alkanes several molecular proxies were established to assess different origins of biomass (Schwark et al. 2002) or degradation of biogenic compounds (Zech et al. 2009; Buggle et al. 2010) . The relative contribution of C 27 , C 29 , C 31 and C 33 nalkanes allows for a rough estimation of tree derived biomass, which can be strongly enriched in n-C 27 (Schwark et al. 2002) , whereas grass biomass is commonly characterized by an enrichment of n-C 31 and n-C 33 (Maffei 1996a, b; Schwark et al. 2002; Wiesenberg et al. 2004) . Therefore, the ratio of C 27 / C 31 n-alkanes has been frequently used in terrestrial sedimentary sequences to distinguish between OM deriving mainly from tree (high values) or grass vegetation (low values). However, there are numerous plant species, where n-C 29 is the most abundant alkane. Such alkane composition does not allow apportionment of trees or grasses as most abundant plant source (e.g. Maffei 1996b , Sachse et al. 2006 . Therefore, complementary investigations like e.g. pollen, phytoliths or malacological studies are required to determine the source of alkanes, where the pattern does not show a clear predominance of tree or grass derived components. Furthermore, several parameters were established to assess the source biomass and degree of degradation including the average chain length (ACL) of alkanes and the carbon preference index (CPI, or odd over even predominance, OEP). These enable tracing of degradation of OM in terrestrial sedimentary sequences, even though it remains still difficult to reconstruct the amount and quality of the biomass incorporated during sedimentation. In addition to the determination of sources and degradation, lipids including alkanes were recently used to assess postsedimentary modification of sedimentary OM, which was related to rooting of plants and reflected in rhizoliths and surrounding loess in the Nussloch profile (Gocke et al. 2010a) .
The aim of the present study was to investigate the origin of the overprinting of synsedimentary LOM. We hypothesized that younger biomass is attributed mainly to root derived OM from postsedimentary penetrating plants. By use of different lipid molecular proxies, rhizolith OM was outlined from other potential sources of OM, i.e. recent soil OM (SOM) and biomass of recent vegetation. The late Pleistocene loess sequence of Nussloch (SW Germany) with a maximum thickness of 13 m was sampled in the uppermost 7 m for rhizoliths and loess which was free of visible root remains. Pairs of rhizoliths and loess from identical depth intervals were compared for their organic carbon (C org ) content and lipid composition. Additionally, these samples were compared to recent soil horizons and the most abundant vegetation whilst sampling. The Nussloch site was intensively studied during the past decades at profiles close to the recent study site: standard profiles P2-P4 (see Antoine et al. 2009 and references therein). Numerous approaches for paleoenvironmental reconstruction were applied including different dating methods like 14 C-AMS (Lang et al. 2003 ) and optically stimulated luminescence (OSL) dating (Lang et al. 2003) , d
13 C org to assess paleoprecipitation (Hatté and Guiot 2005) as well as grain size and geochemical analysis to obtain information on source of loess deposits (Porter and An 1995; Rousseau et al. 2007; Machalett et al. 2008 ). Molecular proxies were scarcely investigated (Gocke et al. 2010a) , although it was observed for the Nussloch site that postsedimentary impregnation of LOM is possible due to the abundant rhizoliths (up to *190 rhizoliths m -2 ; Wiesenberg and Gocke, unpublished data) . To improve understanding of OM in this profile and to determine whether the LOM reflects original or postsedimentary OM, we assessed the sources of loess and rhizolith OM via molecular proxies for the upper part (0-7 m) of the profile, where rhizoliths are highly abundant.
Materials and methods

Study site
The study site is situated in a quarry at the eastern side of the Upper Rhine valley (49°18.724 0 N, 8°43.381 0 E, 217 m a.s.l.), about 10 km south of Heidelberg near the village Nussloch. There the loess-paleosol sequence of late Pleistocene age covers more than 13 m depth and represents mainly the last interglacial/ glacial cycle, which has been intensively studied especially in the standard profiles P2-P4 (e.g. Zöller et al. 1988; Antoine et al. 2001 Antoine et al. , 2009 . At the top of the profile, the recent soil is developed as 0.6 m thick Vertic Cambisol Calcaric Siltic (FAO 2006) with A p , B w1 , B w2 and C horizons (Fig. 1a) , whereas agricultural use ended 3 years before sampling due to the expansion of the quarry. Therefore, the present vegetation, which was collected during the sampling campaign in October 2009, consisted of grasses, herbs and small shrubs. Due to the former agricultural use, the sampled plant species were most likely not the dominant plants contributing to soil formation during the past decades or centuries. However, due to lack of knowledge of the dominant plants during soil formation, the actual vegetation was sampled to correlate recent plant input, former agricultural use and sedimentary LOM. The historical use of this site is not known, except for agricultural use with annual ploughing during the past decades.
Within the quarry the standard profiles P2, P3 and P4 are considered as a type sequence for Western Europe (Antoine et al. 2001 (Antoine et al. , 2009 ). Samples were taken in the southwestern part of the quarry of the HeidelbergCement AG at a distance of 400 m WSW from the standard profile P4 from Antoine et al. (2001) . The new profile has a thickness of more than 13 m and covers sediments and incipient soils mainly of the Upper Pleniglacial. Rhizoliths were abundant from 0.8 m below the present surface down to a depth of at least 9 m (Gocke et al. 2011 ). These were largely abundant until 6.9 m depth. They typically have various diameters between few mm to *3 cm and can be traced over depth intervals of several dm up to ca. 1.5 m.
According to literature (Lang et al. 2003) , CaCO 3 contents of the Nussloch section vary between 0 mg g -1 in the last interglacial Bt horizon and [300 mg g -1 in the loess sediments. In contrast, organic carbon (C org ) contents are very low and reach values C3 mg g -1 only in paleosols (Hatté et al. 1998; Lang et al. 2003) .
Sampling
For comparison and differentiation between various sources of OM in soil and loess, sampling covered the upper 6.9 m of the profile, including a substantial part of the Upper Pleniglacial loess sequence (UPG) and the recent soil. One representative sample from each horizon of the soil (*200 g) was taken at three points with a distance of [1 m to each other and combined thereafter. Roots were recovered from the A p and B w2 horizons during sieving, which could not be attributed to a single plant species and represent a mixture of roots from various plants. Further, rhizolith samples were taken at depths between 0.8 and 6.9 m ( Table 1) . As rhizoliths occurred with lengths of up to several dm, samples represent depth intervals between few cm and 40 cm (Fig. 1a) . Due to their different size, individual rhizolith samples comprised 2-50 g dry weight. In addition to each rhizolith, reference loess ([300 g) was sampled at the same depth interval, i.e. material which was free of visible root remains at a distance of 50-70 cm from the nearest visible root remain. Additionally, rhizosphere loess, i.e. material adjacent to the rhizoliths up to a distance of max. 5 cm, was sampled ([50 g) for four depth intervals (Table 1) . For these rhizosphere loess samples contribution of root versus loess derived OM was assessed.
As representative species for the recent vegetation, specimens of above-and belowground biomass were sampled from Italian Ryegrass (Lolium multiflorum CPI carbon preference index; ACL lc ACL of long chain n-alkanes; ACL total ACL of total n-alkanes of individual soil horizons and rhizolith-loess pairs from different depth intervals (R rhizolith, L loess, RL rhizoloess). For rhizoloess, numbers in parentheses indicate the distance from the rhizolith surface Biogeochemistry (2013) 112:23-40 27 disturbed ecosystems like e.g. acre margins or embankments (R. Stahlmann, pers. comm.). After sampling, all material was immediately ovendried at B60°C. Soil samples were dry sieved at 2 mm to separate roots. For S. canadensis and R. pseudoacacia aboveground biomass was separated into stem and leaves. Rhizosphere loess was scratched from rhizoliths using a brush. Afterwards, samples were ground in a ball mill (MM200, Retsch, Germany) and homogenized. Grinding of loess samples in a ball mill was not necessary because of poor aggregation of this sediment. Loess samples were crushed using a pestle and mortar and homogenized via shaking of ground samples in their flasks.
Bulk and lipid analyses
To measure C org contents, aliquots (0.5-2 g) of all samples were combusted at 550°C using a furnace (Feststoffmodul 1300, AnalytikJena, Germany) connected to a N/C analyser (Multi 2100, AnalytikJena, Germany).
Another aliquot of each sample (*30 g of soil or loess, *2-25 g of rhizoliths, 1-5 g of plant biomass) was extracted for free extractable lipids by Soxhlet extraction for at least 40 h using a solvent mixture of dichloromethane (DCM)/methanol (93:7; v:v; Wiesenberg et al. 2010) . The neutral fractions were obtained from the total lipid extracts (TLEs) by chromatographic separation using solid phase extraction (SPE) with KOH-coated silica gel (5% KOH, Margot Köhnen-Willsch) with DCM as solvent . After reducing the solvent volume to dryness, the neutral fraction was dissolved in hexane and separated with respect to aliphatic and aromatic hydrocarbons, as well as low polarity hetero compounds, on columns filled with activated silica gel (100 Å ; Supelco), using solvent mixtures of hexane, hexane/DCM (1:1, v:v) and DCM/methanol (93:7, v:v) , respectively (Gocke et al. 2010a ). After addition of deuteriated standard for quantification (D 50 C 24 n-alkane), aliphatic hydrocarbons were measured by gas chromatography equipped with a flame ionisation detector (GC-FID, Agilent 7890) on a J&W DB5 CPI carbon preference index; ACL lc ACL of long chain n-alkanes; ACL total ACL of total n-alkanes of grass (L. multiflorum); herbs (T. maritimum indorum, S. canadensis) and robinia (R. pseudoacacia), as well as of roots recovered from soil horizons column (30 m, inner diameter 0.32 mm, film thickness 0.25 lm). 1 ll of alkanes were injected via splitless injection at 70°C. After 3 min of isothermal conditions, temperature was raised to 140°C at a rate of 10°C, followed by 5°C min -1 until 310°C. The final temperature was held for 16 min.
Lipid molecular proxies
Average chain length
The ACL of alkanes is used to differentiate between predominantly higher plant derived OM (values C25; Eglinton et al. 1962; Kolattukudy et al. 1976 
where n is the number of carbons and z n the amount of alkanes with n carbons, with n in the range 25-33. ACL values representing the ACL (ACL total , C 15-37 ) of all identified and quantified alkanes are presented in Tables 1 and 2 .
Carbon preference index
Long chain alkanes in fresh biomass from higher plants typically show a strong predominance of odd homologues (Eglinton et al. 1962; Kolattukudy et al. 1976) , whereas even homologues derive mainly from degradation of OM (like e.g. primary wax remains of plants, alcohols, carboxylic acids and wax esters), leading to a decrease of the odd predominance (Zhou et al. 2005) . High CPI values ([10) are therefore typical for fresh plant biomass, while values \10 indicate degradation of OM (Cranwell 1981) or can be related to root biomass (Wiesenberg et al. unpublished data) due to the absence of epicuticular leaf waxes. Further, CPI values around 1 are characteristic for highly degraded OM and/or presence of large amounts of microorganism derived OM, because the latter comprises mainly short chain alkanes without even or odd predominance (Cranwell 1981; Zhou et al. 2005) . CPI is calculated as follows:
Statistical analyses
Data sets (C org and lipid contents, alkane contents, CPI, ACL lc , C 27 /C 31 ) were tested for significance of differences between sample types using one-way ANOVA with a significance level of 0.05, followed by post hoc Scheffé test. These statistical evaluations were performed using STATISTICA 7.0 software (Statsoft).
Results
C org contents
C org contents of the sample set varied between less than 1 mg g -1 for some loess samples and up to 570 mg g -1 for plant parts, with a clear separation of values \100 mg g -1 for loess, soil and rhizoliths (predominantly \25 mg g -1 ; Fig. 1b) , and significantly higher values (C270 mg g -1 ) for recent plant biomass ( Fig. 1b; Tables 1, 2 ). Throughout the former part of the sample set, C org contents were in general lowest for loess, highest for rhizoliths and intermediate for soil horizons. In grass (L. multiflorum), C org content was higher in aboveground biomass compared to roots, while it was vice versa in the herb T. maritimum indorum. For the herb S. canadensis, C org content of roots was higher than that of the stem, but lower than that of leaves. For one R. pseudoacacia plant, C org contents were similar in aboveground and root biomass, while for the other plant C org content increased from roots via stem towards leaves (Fig. 1b) .
For loess as well as rhizolith samples, C org contents did not vary considerably with depth except for two rhizolith samples from a depth of 2.2-2.6 m. These exceeded C org contents of 25 mg g -1 , whereas all other soil, loess and rhizolith samples were characterized by lower C org contents. LOM was always significantly lower than corresponding rhizolith samples of the same depth interval. Rhizoliths did not reach C org contents of recent root biomass.
Lipid extract yields
Similar to C org contents, lipid extract yields (normalized to sample weight) were lowest in loess and rhizoloess (56 ± 8 and 81 ± 12 lg g -1 , respectively), soil (188 ± 29 lg g -1 ) and rhizoliths (191 ± 40 lg g -1 ; Fig. 2b ). In contrast, lipid contents (TLE) were considerably higher in fresh plant biomass, with values around 16 mg g -1 in recent root biomass and up to 67 mg g -1 in robinia leaves ( Fig. 2a ; Table 2 ). Rhizoliths with identical TLE values like recent soil were characterized by higher C org contents. Rhizoloess samples had intermediate C org contents and TLE values between loess and rhizoliths.
When lipid contents are normalized to C org contents, aboveground biomass had the highest lipid contents (79 ± 17 mg g -1 C org ), followed by loess (43 ± 13 mg g -1 C org ). The values were lower for roots (38 ± 10 mg g -1 C org ). The lipid contents strongly decreased towards soil (28 ± 4 mg g -1 C org ) and rhizoloess (28 ± 15 mg g -1 C org ), with lowest contents for rhizoliths (14 ± 4 mg g -1 C org ; Tables 1, 2) .
n-Alkane contents and composition C org normalized amounts of alkanes showed high variation throughout the sample set, usually with highest values for rhizoloess and loess samples (2364 ± 486 lg g -1 C org and 1095 ± 369 lg g -1 C org , respectively), high values for aboveground plant biomass (336 ± 138 lg g -1 C org ) and rhizoliths (261 ± 100 lg g -1 C org ), and significantly (p \ 0.05) lower values for root biomass (especially for robinia; 59 ± 22 lg g -1 C org ). The average C org normalized amounts of alkanes in soil (257 ± 18 lg g -1 C org ) resembled the average rhizolith value (Tables 1, 2 ).
The n-alkane distribution patterns with dominance of long chain odd homologues (C 25? ) showed higher plant biomass as main source of OM in the whole sample set (Eglinton et al. 1962; Kolattukudy et al. 1976; Figs. 3, 4) . The most abundant n-alkane in soil and loess samples was either C 29 or C 31 . Loess nalkane distribution patterns always maximized at C 31 between 0.8 and 3.4 m. Below, most abundant nalkane was either C 29 or C 31 and did not correlate with distribution of paleosols and sediments, i.e. incipient and main tundra gleys (units 26, 28, 30a, 30b, 33) and typical loess. For most of the rhizoliths n-alkanes maximized at C 29 , while C 31 was also rather abundant. In aboveground plant biomass, the most abundant nalkane was C 31 in L. multiflorum, C 29 in T. maritimum indorum, C 31 in S. canadensis leaves, and C 27 in R. pseudoacacia leaves (Fig. 3) .
Short chain n-alkanes (C 15-24 ) were absent in fresh plant aboveground biomass and occurred in traces in root biomass. However, even numbered n-alkanes (C 16,18,20 ), deriving mainly from degradation and microbial OM, were slightly enriched in soil, rhizoliths and sediments, and especially in rhizosphere loess (not shown here).
Ratio of C 27 /C 31 alkanes
The C 27 /C 31 ratio varied for fresh plant biomass between 0.07 for grass aboveground biomass and 40 for robinia aboveground biomass (Fig. 5) . SOM and most of the loess and rhizolith samples were characterized by C 27 /C 31 \ 1, i.e. most rhizolith and loess samples contained higher amounts of C 31 compared to C 27 . Further, values of the ratios were generally higher in rhizoliths and corresponding rhizosphere loess compared to reference loess in the same depth interval. C 27 /C 31 ratios in reference loess were only slightly higher than that of fresh grass aboveground biomass (Fig. 5 ).
ACL and CPI proxies
ACL lc values in loess (29.5 ± 0.2) were lower than those of grass (30.2), but slightly higher than those of herb aboveground biomass (29.1 ± 0.2) as well as recent roots (28.9 ± 0.1), and substantially higher than those of robinia aboveground biomass (27.9 ± 0.2; Fig. 6 ). ACL lc values of rhizosphere loess (29.4 ± 0.2) and soil (29.5 ± 0.1) were almost identical to those of loess, whereas rhizoliths (29.0 ± 0.3; Fig. 6 ) had same values like roots. ACL total was similar or identical to ACL lc in grass (30.2), herb (28.7 ± 0.2) and robinia aboveground biomass (27.7 ± 0.2). However, ACL total values were significantly (p \ 0.01) lower than ACL lc in roots (27.2 ± 0.6), rhizoliths (23.7 ± 1.3), rhizoloess (25.8 ± 0.5), loess (23.6 ± 1.1) and soil (25.1 ± 0.4; Tables 1, 2) .
CPI values revealed a wide range between 0.6 and 18.8 (Tables 1, 2) , with lowest values in rhizoliths (2.6 ± 1.1), roots (2.9 ± 0.9) and herb aboveground biomass (2.8 ± 0.6), intermediate values in rhizosphere loess (6.2 ± 0.8), soil (8.2 ± 0.9) and loess (9.4 ± 1.3), and highest values in aboveground biomass from robinia (13.0 ± 2.0) and grass (16.1; Fig. 6 ). CPI values differed between aboveground biomass and rhizoliths (p \ 0.05), roots and loess (p \ 0.05), as well as between rhizoliths and loess (p \ 0.01).
Discussion
Overview of the sample set
In general, the predominantly higher plant origin of the whole sample set was confirmed by the dominance of odd long chain n-alkanes (Eglinton et al. 1962; Kolattukudy et al. 1976 ). However, sample types Fig. 3 Relative abundances of long chain (C 27-33 ) alkanes, normalized to the most abundant long chain alkane within each sample, of a aboveground biomass and roots of grass (L. multiflorum), herbs (T. maritimum indorum, S. canadensis), and shrub (R. pseudoacacia) as well as of b roots deriving from individual soil horizons (A p and B w2 ) Fig. 4 Relative abundances of long chain (C 27-33 ) alkanes, normalized to the most abundant long chain alkane within each sample, of rhizoliths, loess and soil depending on depth in the profile. For caption of the profile see Fig. 1 . Similar to Fig. 3 , only long chain alkanes (C 27-33 ) deriving from higher plant biomass (Eglinton et al. 1962; Kolattukudy et al. 1976 ) are shown for comparison of potentially different source vegetation of OM differed with respect to their degree of degradation, source vegetation and parts of source plants, as shown by several parameters.
Lower C org contents were found in soil, rhizoliths and loess compared to fresh plant biomass (Fig. 1b) because of dilution of OM by high mineral content (especially in rhizoliths and loess) on one hand, and degradation of OM by biotic and abiotic processes since their formation/deposition on the other hand. Slightly higher C org contents in rhizoliths compared to loess and soil samples (Fig. 1b) indicated the presence of former root tissues and its potentially improved preservation due to encrustation (Gocke et al. 2010a) . Relatively high scatter between C org contents of rhizoliths from different depth (*10-90 mg g -1 ) was attributed to varying contents of primary minerals and secondary carbonate (Gocke et al. 2011) . Alkane distribution patterns maximizing either at C 29 or C 31 as most abundant long chain n-alkane (Fig. 4) suggested various source plants for rhizoliths. (Maffei 1996a; Schwark et al. 2002) . This is also to some extent represented by loess and rhizoliths, with lower values of the former throughout major part of the profile, thereby indicating the grass origin of LOM. Note that x-axis was interrupted several times for improved illustration of data points (Kolattukudy et al. 1976) Generally, samples with high C org contents also contained large amounts of extractable lipids (Fig. 2) , but this correlation was not identical in all sample types: loess was relatively enriched in lipids compared to C org content, which could be attributed to the selective degradation and translocation of less stable organic compounds like e.g. water-soluble substances and sugars, whereas lipids were comparatively recalcitrant. This confirms investigations in recent soils (Marschner et al. 2008 ) and argues for the suitability of lipids for paleoenvironmental research in terrestrial sediments (e.g. Schwark et al. 2002; Xie et al. 2003 Xie et al. , 2004 Zhou et al. 2005; Zech et al. 2009 ). The high lipid content in soil normalized to sample weight was caused mainly by incorporation of compounds that were derived from aboveground plant biomass, as also indicated by high C org normalized alkane contents in soil (Table 1) . Alkanes contribute substantially to epicuticular waxes (Kolattukudy et al. 1976 ) and have been incorporated in upper soil horizons via plant residues.
Lipid contents normalized to C org revealed largest values for aboveground biomass (79.3 ± 16.5 mg g -1 ), which were dissimilar from loess (43.5 ± 12.6 mg g ), soil (27.6 ± 3.7 mg g -1 ) and rhizoliths (13.6 ± 3.9 mg g -1
). In general, strong degradation of functionalized lipids including fatty acids (Kawamura et al. 1980) , additional carbon sources like microorganisms, and components more recalcitrant than lipids (e.g. lignin) led to low lipid contents in loess and soil (Harwood and Russell 1984) . However, strong degradation led to a decrease in the TLE/C org ratio via ongoing incorporation of fresh OM in soil while, in contrast, a higher TLE/C org ratio in loess resulted from preservation of recalcitrant lipids. Furthermore, lower TLE/C org ratio of rhizoliths than for soil and recent roots revealed the degradation of the former root tissue, leading to a relative degradation of functionalized lipids. In contrast to C org normalized lipid contents, C org normalized alkane contents in rhizoliths (261 ± 100 lg g , with values similar to those of soil and between those of loess and rhizoliths, indicated that a part of OM in rhizoloess was incorporated from root derived OM in the former rhizosphere. This implies that degradation products of roots and fine root hairs, exudates and root-associated microbial remains led to incorporation of organic compounds other than lipids (e.g. lignin, sugars). Quantification of root derived compounds in rhizosphere loess was performed by Gocke et al. (2010a) using unsaturated fatty acids. Other root derived components that are potentially less prone to degradation compared to functionalized lipids like fatty acids, e.g. polymers like lignin or suberin (Mendez-Millan et al. 2010) , can be assumed to result in the relative depletion of lipids in the former rhizosphere compared to loess distant from root remains.
Very high C org normalized alkane contents in loess (1,095 ± 396 lg g -1 ) and rhizoloess (2,364 ± 486 lg g -1 ) indicated the selective preservation of alkanes compared to other compounds of OM that are more easily degradable or more prone to translocation, like water-soluble compounds including carbohydrates (Marschner et al. 2008) . In contrast, C org normalized alkane contents for rhizoliths (261 ± 100 lg g -1 ) were comparable to fresh aboveground plant biomass (336 ± 138 lg g -1 ) and SOM (257 ± 18 lg g -1 ), indicating the relatively well preservation of former root tissue and root derived OM within the carbonatic crust. This agrees with previous studies based radiocarbon ages of rhizolith OM and carbonate (Gocke et al. 2011) , demonstrating good preservation and Holocene age of former roots at Nussloch in contrast to late Pleistocene age of surrounding loess.
High amounts of short chain even homologues, leading to low ACL total values especially in rhizoloess and in some of the rhizoliths, indicated the presence of high amounts of root and microorganism derived OM (Bray and Evans 1961; Eglinton et al. 1962; Kolattukudy et al. 1976 ) similar to the soil. This strongly suggests the presence of a former rhizosphere around the rhizoliths, which was a hot spot of microbial biomass feeding on root remains and exudates (Jones 1998) , thus promoting biotic degradation of synsedimentary LOM as well as younger root derived OM.
In summary, n-alkane proxies, together with C org contents and TLE, proved to be a valuable tool for source apportionment. For a more certain differentiation of vegetation sources further proxies deriving from free extractable fatty acids and n-alcohols, or potentially suberin and cutin molecular markers (Mendez-Millan et al. 2010) , are necessary, which were not investigated in this study.
Source apportionment of OM in loess, rhizoliths and soil
Loess organic matter (LOM)
Loess was characterized by lowest C org contents (Fig. 1b) which suggests strongest degradation of LOM compared to other materials. Further, different source of OM input is likely, i.e. mainly by grass aboveground biomass and associated epicuticular waxes, leading to more homogeneous OM distribution in loess compared to local input of OM by former roots, which can also be related to various turbations (cryoturbation and bioturbation) as frequently abundant in loess sediments (Pye 1995) . Loess samples were mostly dominated by C 31 and sometimes by C 29 as most abundant long chain n-alkane (Fig. 4) . The generally very low values of the C 27 /C 31 ratio are typically related to grass vegetation (Maffei 1996a; Schwark et al. 2002) . A part of the rhizoliths was also characterized by n-C 31 as most abundant long chain alkane (Fig. 4) . However, ratios of C 27 /C 31 n-alkanes were always higher in rhizolith than in the corresponding loess from the same depth (Fig. 5) , indicating that rhizolith OM is less related to grass vegetation than LOM.
Additionally, CPI and ACL lc values of loess were rather high compared to root biomass and rhizoliths, similarly to recent grass aboveground biomass (Fig. 6) , thereby arguing that LOM can be attributed mainly to aboveground biomass of grass vegetation. This agrees with the general assumption of loess deposition taking place during glacial periods with scarce vegetation cover, consisting mainly of grass plants with low incorporation of tree derived OM (Bai et al. 2009 ). In contrast to tree and shrub roots, grass roots commonly do not penetrate soil and underlying sediments down to large depths of several meters (Canadell et al. 1996) . This means that the ratio of shoot versus root derived OM in soils under grass vegetation and loess must be higher compared to soil under forest and shrub vegetation. Thus, LOM is commonly characterized by alkane composition which resembles grass aboveground biomass and is not related to root biomass.
Although LOM and SOM showed similar relative n-alkane distribution, with C 31 as most abundant long chain homologue (Fig. 4) and similar CPI and ACL lc values (Fig. 6 ), they could be clearly differentiated due to lower values of the TLE/C org ratio (see ''Overview of the sample set'' section) and substantially higher total alkane contents in loess than in soil. The higher abundance of alkanes in loess was most likely caused by selective preservation especially of long chain alkanes in loess as previously described for soil (Lichtfouse et al. 1998) .
Values of CPI (4.2 and 7.5), ACL (21.6 and 24.1) and ACL lc (29.2 and 29.6) ratios were low in loess in a depth of 0.8-0.9 and 1.1-1.2 m, respectively (Table 1 ). In deeper parts of the profile higher values predominated. This indicates the modification of original sedimentary LOM in the uppermost part of the profile, where percolating soil solution together with microbial activity led to degradation of alkanes and hence modification of molecular proxies. With depth, no clear trends of increasing or decreasing ACL lc 3) values were observable, which argues for different sources of OM in individual depths. Exceptionally high CPI values of loess ([10) in a depth of 2.2-3.35 and 3.5-4.2 m might be due to a low stage of degradation of the OM therein, which might be related to high sedimentation rates of the typical loess and low overprinting by soil forming processes in this part of the depth profile (Antoine et al. 2009 ).
Rhizoliths and rhizoloess
As already suggested by their size, shape and micromorphology (Klappa 1980; Becze-Deák et al. 1997; Gocke et al. 2011) , rhizoliths represent calcified roots. This was confirmed by low CPI and ACL lc values of rhizoliths which were in the same range like roots of recent plants (Fig. 6) . Except for robinia with exceptionally low ACL lc and herbs with surprising low CPI, rhizoliths together with recent roots revealed the lowest ACL lc and CPI values. This is because roots on one hand contain higher portions of even long chain alkanes than aboveground biomass (Wiesenberg et al. unpublished data) , causing low CPI values, and on the other hand roots and rhizoliths cannot be completely separated from associated microorganisms which contribute OM with high abundance of short chain alkanes and without predominance of odd or even homologues, causing low ACL and CPI values (Cranwell 1981; Kolattukudy et al. 1976) .
Although ACL lc and CPI values of rhizoliths were not uniform with depth, thereby showing their possibly diverse origin, values were always lower in rhizoliths and, where available, also lower in rhizoloess compared to reference loess. Hence, rhizoliths could be clearly differentiated from loess, whereas rhizoloess revealed commonly intermediate signals (in C org contents, TLE and alkane composition) between LOM and rhizolith OM. This indicated the presence of both root and loess derived OM in rhizoloess (Gocke et al. 2010a (Gocke et al. , 2011 . Depending on the amount of root-associated modification of sedimentary LOM, including root remains, root exudates and microbial remains and related degradation of LOM, the rhizosphere up to a distance of at least 5 cm from former roots showed either signals similar to rhizolith OM (partly most abundant long chain alkane, C 27 /C 31 ) or LOM (C org contents, TLE).
The current data set does not allow for a specific source apportionment of rhizoliths. The most abundant alkanes (often C 29 ), CPI and ACL values argue for a tree or shrub origin, which was different from robinia as their results were not identical: Except for the lowermost part (4.5-6.9 m), distribution patterns of rhizoliths did not resemble those of robinia roots (Figs. 3, 4) . Average CPI values of rhizoliths (2.6 ± 1.1) were considerably higher compared to robinia roots (1.5 and 1.6, Table 1 ). Additionally, the C 27 /C 31 ratio of rhizoliths (0.7 ± 0.1), although showing a high scatter, was mostly lower than that of robinia roots (0.9 ± 0.1; Fig. 5 ). As shown by several parameters including lipid contents and alkane distribution patterns, the present vegetation with robinia of sizes not larger than 3 m of height, some herbs and grasses cannot be potential source vegetation of rhizolith OM. As the site was managed as agricultural plot for at least several decades, implying annual ploughing and predominantly grass type crops, it is currently unknown which trees or shrubs led to the formation of the rhizoliths. The varying shape (diameter, length and structure) and molecular proxies of rhizoliths point out on mixed vegetation consisting of shrubs and trees, which had the ability to deeply root the sedimentary profile. As the 14 C age of a single rhizolith from the Nussloch profile from a depth of 1.3 m (3100 years BP) confirms the old age of the rhizoliths (Gocke et al. 2011) , it can be assumed that the rhizoliths were formed by the rural vegetation without or with low anthropogenic influence. The type of vegetation in SW Germany at that time is assumed to be a mixed forest with trees including beech, oak and several shrubs. Therefore, it is most likely that these trees and shrubs, which partially have the ability to deeply root the underlying soil, sediment and rock, were the source plants of the rhizoliths. When comparing alkane composition from beech (including Fagus sylcatica), alder (Alnus sp.), oak (Quercus robur) and hazelnut (Corylus avellana) (Gülz et al. 1989; Sachse et al. 2006) as some of the predominant plant species in SW Germany *3000 years BP (Clark et al. 1989 ) with rhizoliths, it can be assumed that roots of such native tree and shrub species formed rhizoliths. However, commonly root lipid composition differs from that of aboveground biomass. Lacking knowledge of the lipid composition of a wide range of tree and shrub roots impedes correlation of these to rhizolith OM.
Soil organic matter (SOM)
Lipid contents in soil corresponded well to literature data from temperate agricultural soils (227 ± 80 lg g -1 ; Wiesenberg et al. 2006) . The alkane composition of the recent soil, including most abundant compounds and C 27 /C 31 ratio, differed from roots obtained from A p and B w2 horizons. Additionally, roots of the recent vegetation and aboveground biomass did not show the same molecular distribution patterns like the soil (Figs. 3, 4) . Grass biomass with high n-C 31 alkane content was one possible main contributor to SOM. Taking into account the former agricultural use of this site and comparing the alkane patterns of soil with those of other crop plants (Cayet and Lichtfouse 2001; Wiesenberg et al. 2004) , crops like wheat, rye, maize and others were most likely predominant sources of SOM at Nussloch. Hence, the grass origin of both, SOM and LOM, resulted in a similar alkane composition of loess and soil. The major difference between these samples was observed for C org normalized TLE and alkane contents (see ''Overview of the sample set'' and ''Source apportionment of OM in loess, rhizoliths and soil'' sections). The former tree vegetation as reflected in rhizoliths was neither observed in loess nor in soil, where the continuous incorporation of plant derived components since forest clearing and erosion of the rural soil led to an overprinting of the natural SOM origin. This is accompanied by the turnover of alkanes in soil ranging from decades Marschner et al. 2008 ) to millennia (Bol et al. 1996; Rethemeyer et al. 2004) , which is strongly influenced by soil management and plant biomass input.
A slight decrease of ACL lc and a strong decrease of CPI with depth (Table 1) indicated limited incorporation of aboveground biomass and predominantly root origin of lipids in deeper soil horizons. Additionally, stronger degradation of plant biomass can be assumed in greater soil depth (Buggle et al. 2010) .
Implications for paleoenvironmental studies Molecular proxies and lipid contents clearly argue for different source vegetation of rhizoliths from recent plant biomass, SOM and LOM. In some depth intervals, the values of the C 27 /C 31 ratio of rhizoliths showed a similar tendency like loess: Where the value increased in rhizoliths it was observed similarly for loess of the same depth (e.g. depth 4.1-4.8 m) and vice versa (e.g. depth 0.8-1.8 m), but commonly to a lesser degree. This might entail that even reference loess samples, which were carefully sampled from areas free of visible root remains, were nevertheless influenced by former soil forming processes, e.g. by percolating soil solutions.
At the Nussloch site, the CPI and C 27 /C 31 ratio revealed contamination of original LOM by OM input from recent soil e.g. via percolating soil solution exclusively for the uppermost *60 cm below the recent B w2 horizon ( Fig. 5 ; Table 1 ). Therefore 'new' OM in rhizoloess below depth of 1.6 m could be clearly attributed to former roots based on C org and lipid contents (Fig. 2) and CPI values (Fig. 6 ). This confirmed a previous study (Gocke et al. 2010a) , where root and microbial derived OM was quantified in rhizosphere loess based on fatty acids. In general, paleoenvironmental studies based on bulk carbon analyses including d 13 C org or 14 C dating of LOM (e.g. Hatté et al. 1999 ) should be regarded with caution (Head et al. 1989 ). Some d 13 C org values out of typical range (e.g. Pustovoytov and Terhorst 2004) and often un-fitting 14 C ages (e.g. Hatté et al. 1999; Rousseau et al. 2007; Fuchs and Wagner 2005) might be caused by postsedimentary incorporation of root derived OM from deep-rooting plants (trees or shrubs). This is clearly of special importance for sediments with a high frequency of postsedimentary roots (in Nussloch up to *190 rhizoliths m -2 ). However, it cannot be excluded that such effects can also be relevant in sediments with visible root remains without obvious stratigraphic layers or with incipient soils. Here, the missing layers are frequently attributed to turbation of various origin including cryoturbation and plant root activity (e.g. Pye 1995; Antoine et al. 2001; Mason et al. 2007 ). If such stratigraphic layers are present in a range of mm to cm and initial soil forming processes can be excluded, postsedimentary impregnation by roots is unlikely and associated processes might be neglected.
Conclusions
Alkane molecular proxies enabled differentiation of biogenic sources in the Nussloch soil and loess profile. OM from loess and soil were both derived from grass vegetation. Translocation of alkanes from soil towards underlying sediment via bioturbation or leaching is not likely. The uppermost part (*60 cm) of the loess profile was influenced by pedogenic processes that led to changes in composition and abundances of nalkanes. The recent vegetation did not contribute significantly to soil alkane composition, because due to the slow turnover of alkanes in soil the overprinting of the former agricultural derived OM during a few years was low.
The recent vegetation did not contribute to OM within and loess adjacent to rhizoliths. These calcified roots were formed under native tree and/or shrub vegetation, which likely was dominated by beech, oak, alder and hazelnut. The diversity of rhizolith alkane distribution patterns and morphology of rhizoliths argues for their formation under various plant species, and possibly during different time intervals throughout the Holocene. The overprinting of LOM even in areas distant to former roots could not be excluded as revealed by molecular proxies like ACL or CPI. Therefore, paleoenvironmental investigations of terrestrial sediments based only on bulk carbon analyses should be regarded with caution. Molecular proxies provide information on potential postsedimentary processes, which also influence bulk carbon composition and can lead to modifications in d
13 C values and 14 C contents.
Further investigations on recent root biomass and multiple rhizoliths from the same depth and additional profiles are required to assess the source vegetation of these rhizoliths more reliably. Additionally, rhizoloess must be investigated in more detail and based on further compounds (e.g. fatty acids, n-alcohols or suberin and cutin derived monomers) to assess the postsedimentary modification of LOM beside the former roots and to determine the extension of the former rhizosphere, i.e. if effects of rhizosphere processes were restricted to few cm near roots or could extend to several dm into the surrounding sediment.
